In this paper, the possibility of using the static charge that accumulates on aircraft during flight as a source to power monitoring sensors is examined. The assessed methods include using a pair of materials with different air-flow charging rates, contact discharging of the fuselage to neutral metallic bodies, charge motion induction by the fuselage field and inductive harvesting of fuselage-to-air corona discharges at static discharge wicks. The installation and potential advantages of each method are discussed. The feasibility of directly charging a storage capacitor from accumulated static charge is studied experimentally, demonstrating a voltage of 25V on a 25nF capacitor.
INTRODUCTION
Wireless sensing offers the potential of cost reduction for aircraft operation and maintenance, however, the development and testing of such systems is still limited due to their cabling complications or maintenance overhead due to the requirement for battery replacement. Various technologies have been developing rapidly towards energy autonomous aircraft sensors, mainly using thermoelectric [1] , non-inertial piezoelectric [2] , or solar [3] systems. In [1] , a fully functional wireless strain sensor network with dynamic thermoelectric energy harvesting powered nodes and a custom low-power protocol was demonstrated. The protocol was able to minimize energy consumption by supporting different modes of operation, including deep sleep. The energy harvesting power supplies demonstrated over 100 J of energy per flight, supporting an 800 s, strain data acquisition and wireless transmission use case. Another harvesting -powered microsystem of interest to avionics, although not specifically developed for aircraft environments is the Michigan Micro Mote (M 3 ) [4] . This 2x4x4mm3 system is integrated with an optical sensor and can transmit data in a range of 2 m, while powered by solar cells providing 0.5 μW at 10 kLux (full daylight, not direct sun). A key feature of this system is its 15 nW sleep power. An overview of the state-of-the-art of various energy harvesting technologies, including Wireless Power Transfer (WPT) that may be relevant to aircraft applications is presented in Table 1 .
Further to these techniques, the possibility of using the static charge that is accumulated on an aircraft fuselage during flights has been examined [5] [6] [7] . However, experimental implementations have been limited, mainly by the difficulty in emulating air-flow induced static charge in laboratory environments. Electrostatic studies of this effect towards the estimation of the corresponding energy availability from within and from the outside of an aircraft structure is also very limited. On the other hand, triboelectric energy harvesting from relative motion between nanostructured surfaces has been studied extensively [8] , and impressive simple prototypes have been developed [9] . In this paper, an overview of exploitation methods for static charge developed by relative motion between two solid surfaces is presented. The possibility of energy harvesting from the static charge that builds up on an aircraft fuselage during flight is considered and the main benefits and challenges are discussed. Table 1 . State-of-the-art of power availability from various energy harvesting sources and indicative aircraft sensor applications.
HARVESTING FROM RELATIVE MOTION BETWEEN SURFACES
The main possible mechanisms of charge transfer for static charge induced by relative motion between two insulating surfaces in contact are illustrated in Figure 1 The relative motion results in repeating contact and separation between microscale areas of the surfaces, which result in a net total charge exchange, usually due to the difference between the energy of electrons in the two materials near the Fermi level. This results in space charge near the surface of the insulating materials. This space charge could then be exploited by channeling the charge to an electrical circuit comprising a storage unit such as a capacitor, through electrodes that can be built in the insulation material. This case is depicted in Figure 1 (top). The local charge diffusion through the insulating area towards an electrode is slow and can be impeded by the presence of the neighboring opposite charge in the opposite material. The design of such embedded electrodes should maximize the covered area, for a given charge path distance, e.g. by minimizing the thickness of the insulating triboelectric material and prevent (or account for) the possibility of contact between opposing electrodes during motion.
Another way to collect static charge developed on a surface by triboelectricity is by scanning the charged insulating area with an electrode. This case is illustrated in Figure 1 (middle). In this case, the trapped charge is exploited in two different ways. The electrode can pick up a small portion of the charge that is trapped on the surface, but at the same time, charge in the electrode is re-distributed as it moves within the electric field of the static charge. Thereby, a current flow is induced into the electrode.
This method has been experimentally studied, in terms of its ability to store electrical energy into a capacitor. For the experiment, an acetate sheet was used as the insulator. The acetate sheet was triboelectrically charged by rubbing with a polyester cloth. Then, the charged area was scanned, using a smaller Cu sheet as an electrode. The Cu electrode was connected to a 25 nF ceramic capacitor. The other electrode of the capacitor was connected to an aluminum plate which was placed underneath the acetate sheet, serving as a ground plane. Subsequently, the capacitor was connected to a 1 MΩ input resistance oscilloscope channel, to measure the voltage. A typical capacitor discharge was observed, as shown in Figure 2 (left), corresponding to the time constant of the system and demonstrating a voltage of 25 V across the capacitor. The equivalent circuit of the measurement setup is shown in Figure 2 (right) . This corresponds to a stored energy of around 8 μJ. The main disadvantage of this operation principle is the requirement of two motion stages, one for charge development and one for charge collection. However, a mechanical design could combine these operational motion stages by integrating the conductive electrode into the moving triboelectric surface, in order to exploit both space-charge collection and inductive operation. In order to characterise the performance of such devices, which involve capacitances in the femto-Farad range, suitable high input resistance measuring circuits can be employed [16] . 
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A third possible method of static charge exploitation could involve the employment of conductive layers at the back of the triboelectric surfaces, as shown at the bottom of Figure 1 . This could also combine charge pick up and induction, during the triboelectric static charge build-up. However, the distance between the static charge and the electrodes is larger meaning that charge pick-up may be limited, even in the case of thin triboelectric materials. In addition, the induction effect may also be limited, because the electric field is expected to be directed inwards, towards the interface between the oppositely charged insulators.
UTILIZATION OF THE FUSELAGE STATIC CHARGE
The case of airflow-induced, aircraft fuselage static charge and possible charge transfer methods are shown in Figure 3 . This charge can be exploited through the electric field around the surface of the fuselage. If a capacitor structure is placed in close vicinity to the fuselage surface, the increasing electric field could polarize the dielectric material and induce an increasing voltage between two conductive plates (Figure 3, top) . Alternatively, the fuselage itself could be used as one of the capacitor plates. The energy stored in this capacitive structure could then be used to power an electronic system [5] .
The exploitation of the electrostatic field of the fuselage as an energy source for aircraft sensors has also been proposed in [17] . In that method, the electrostatic force is used to create repeatable motion on a cantilever, e.g. by repetitive charging (or discharging) through electrical contact between the fuselage and another conductive section. This conductive section could be a separate conducting body at the aircraft interior, a separate fuselage surface with different air interfacing or a discharge wick tip. Then, electrical energy can be collected either by exploitation of the resulting discharge pulses, or by impeding the mechanical motion with a piezoelectric or electromagnetic transduction mechanism.
Furthermore, static charge accumulation could potentially be utilized by inductive exploitation of corona discharges to the air environment at discharge wicks or rods. A schematic illustration of this approach is shown in Figure 3 (bottom) . Discharge wicks provide a high resistance discharge path between the fuselage and the surrounding air, by implementing a tip geometry that increases the strength of the electrostatic field. In this way, corona discharge is directed to the wicks and controlled to provide a smooth leakage to the atmosphere. This is critically important to minimizing corona-induced RF interference to the aircraft communication channels. This leakage current could potentially be exploited by an inductive or other mechanism to implement self-powered aircraft sensors in the vicinity of discharge wicks. Field-effect / inductive charging of a capacitive structure near the fuselage. The field will be stronger on the outside surface. Bottom: Inductive harvesting from corona discharges to air using discharge wicks.
CONCLUSIONS
Various methods for collecting static charges at aircraft surfaces and their technical implementations have been presented. These methods, in general, exhibit promising characteristics for powering future wireless sensors in aircraft. The presented results demonstrate that static charge can be collected and stored in a capacitor component. In the particular experimental results presented here, a 25 nF ceramic capacitor was charged at 25 V using a 2 × 3 cm moving electrode. The corresponding stored harvested energy is 8 μJ. It is concluded that static charge energy can be stored in a usable form and at convenient voltage levels, provided that a motion system that combines static charge generation and charge collection is being used. Using moving electrodes may also be beneficial for the exploitation of static charge building up on the fuselage during flight, but employing electrostatic generators that take advantage of the fuselage electrostatic field or electrostatically driven cantilever motion with electromagnetic or piezoelectric transducers. Finally, static charge leakage through fuselage discharge wicks and rods could potentially be used for powering sensors in their vicinity. However, further investigations are needed in order to assess the energy availability, efficiency and density from static charge energy harvesting devices and the installation opportunities at aircraft fuselage surfaces.
